In this paper, a five-axis machining process is analyzed for large spiral-bevel gears, an interesting process for one-of-kind manufacturing. The work is focused on large sized spiral bevel gears manufacturing using universal multitasking machines or five-axis milling centers. Different machining strategies, toolpath patterns, and parameters are tested for both gear roughing and finishing operations. Machining time, tools' wear, and gear surface are analyzed in order to determine which are the best strategies and parameters for large modulus gear manufacturing on universal machines. The case study results are discussed in the last section, showing the capacity of a universal five-axis milling for this niche. Special attention was paid to the possible affectations of the metal surfaces, since gear durability is very sensitive to thermo-mechanical damage, affected layers, and flank gear surface state.
Introduction
The large-sized spiral bevel gears represent one of the most important components of power transmission units in big machines, for mines and quarries, thermal power generation systems, marine propulsion elements, wind's kinetic energy applications, and so on [1, 2] . Owing to the fact that there is presently an increase of energy requirements on the earth, the demand for large-sized spiral bevel gears has risen accordingly, and future technology predictions have singled out that it may continue to do so for some time.
Special gear cutting machines have traditionally manufactured these gears. In this regard, there are different methods for the gear-tooth surfaces generation. A few notable ones are the Gleason's gearing [3] , the Klingelnberg's Palloid System [4] , and the Klingelnberg's and Oerlikon's Cyclo Palliod System [5] . However, these methods are focused on medium and large batches production, for instance, gearboxes, cars transmissions, or outboard boats.
Gear manufacturing methods are defined for large batch production, and they are divided in those methods, usually in any kind of application making grooves, such as slotting with shaped mill tools, or general-purpose methods such as foundry or forge. In some cases, machining may start from a preform shape, for instance being obtained by forging, as it was studied in [6] . The methods that are more flexible are those that are based on the kinematics of gear meshing, in this case, the common ones are hobbing, shaping, skiving, and rack shaping. In bevel gears, the generation processes are very complicated, reaching the highest levels of complexity are the Gleason or Klingelnberg methods
The main contribution of the paper is to propose a method that is suitable for the production of one-of-kind large complex gears in machines that are not devoted to this task. Since EMO Hannover 2011, spiral gears manufacturing was only possible using dedicated machines, based on kinematic principles. The method that is proposed here is based on general machining. The pieces of universal multitasking or five-axis machines are three times lower than the dedicated machined, they can be used for multipurpose application, and there are several suppliers. The limit, until recent times, was repeatability and precision, but today CNC (Computer Numeric Control) machines can repeat a groove several times inside a repeatability of 3-4 micrometers.
Integrated Rough-Finishing Approach
The gear manufacturing process consists of several steps, the first being the gear geometry. Next, each step is described in detail.
Design: CAD Step
There are several options for gear design [23] . In fact, most of the commercial software have a modulus that is specifically dedicated to gear definition, namely: Solid Edge GearTrax module, SOLIDWORKS GearTrax module, Inventor Geartrax module, NX, Catia, or the application modules, such as 3D spiral bevel gear software, and so on. Some of them only included the design module, whereas the others also included the design and the manufacturing of the modules. In this work, in order to design the gear geometry, the 3D spiral bevel gear software (design module) was selected. The main reason for this software selection was the reduced license cost. The software generated gear geometry, and was able to choose between the Gleason and Klingelnberg manufacturing methods for the spiral gears.
The software mathematically modeled the gear mechanical systems (Gleason spiral bevel and Kligelnberg cyclo palloid). The software's main advantage was related to the good torque capacity results and reduced transmission error. Ideal gears transmitted higher torque and ran smoother at the nominal position and with the misaligned shafts. The 3D spiral bevel gear software accurately simulated the gear cutting methods with high resolution in 3D [24] .
The spiral bevel gear geometry ( Figure 1 ) was selected for the work. The objective was to select a complex and large geometry, in order to test the process's capability. A commonly used gear material, F1550 (18CrMo4), cemented the steel that could reach up to 47HRC. The 18CrMo4 was characterized by a core tensile strength after a case hardening and quenching of between 800-1250 MPa. The most common applications were bolts, pinions, cams, gears, speed gearboxes, plunger shafts, and rims. The chemical composition of this material appears in Table 1 . The geometry is manufactured according to the Gleason [3] method and the spiral bevel gearing parameters can be seen in Figure 1 . The geometry parameters were introduced into the design software in three different steps (Table 2) . Firstly, the preliminary data, such as the gear pitch diameter (or modulus), gear ratio, and right or left direction, were specified. Then, the gear and pinion data was defined according to the number of teeth in both cases, shaft, pressure and spiral angle values, gear face-width, gear transversal tooth-thickness on the heel, angular backlash on the gear, gear coefficient of addendum, coefficient of the tooth height, face cutter generating diameter, profile crowning, lead crowning, and coefficient of root radial clearance. Table 2 . Gear input and output data 3D spiral bevel gear software.
Step Finally, the software provided an indispensable output data for 2D (2 Dimension) design, namely: gear and pinion face angles, exterior diameter values, pitch apex to croon on pinion/gear, root clearance value, pinion heel pitch diameter, pinion transversal tooth thickness on heel, and face cutter radial distance.
The function provided both pinion and gear 2D geometries (Figure 2 ), according to the spiral bevel gears' manufacturing process (by pairs). The design that was provided was a 2D design that needed to be revolted through the axial axis, in order to obtain a 3D feature. Afterwards, the teeth surface was imported and a circular matrix was carried out, in order to design the complete gear ( Figure 3) .
The 3D spiral bevel gear software also analysed the tool contact position (Figure 4 ). The gear teeth lead and profile crowing diagrams were obtained. The contact area was the key for complex gears performance, as it has been deeply studied by Fuentes et al. [25] , because, in theory, the gears contact would have been a line or curve, but real geometry caused a contact area.
For instance, in Figure 5 , the contact was focused on the teeth toe-tip area and the kinematics of the Gleason method were reproduced. In gear meshing, slight changes in the profile shapes caused a very different tooth-tooth contact patterns. Therefore, it would be recommended that if there was to be any modification for future gear performance, the five-axis milling technology represented an appropriate applicable technology. Modifications could be easily applied to machining the correct toolpath programming. In the generation gear manufacturing (the usual methods for medium and large batches), the tooth contact needed to change with the complicated changes in cutters, or make a complex modification in the machine parameters. On the other hand, in the five-axis approach, the modifications could be easily machined. Moreover, today a Gleason spiral bevel could be produced, tomorrow it could be the Palloid, or the Klingelnberg, or any other type of spiral bevel. The five-axis would allow for any modifications. The five-axis milling offered a versatility and open geometry design. 
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The 3D spiral bevel gear software also analysed the tool contact position (Figure 4) . The gear teeth lead and profile crowing diagrams were obtained. The contact area was the key for complex gears performance, as it has been deeply studied by Fuentes et al. [25] , because, in theory, the gears contact would have been a line or curve, but real geometry caused a contact area.
Manufacturing Trajectories Design: CAM Step
Once the gear geometry was obtained and analyzed, the different manufacturing trajectories were designed with the NX 10 (Siemens) Manufacturing module. Several strategies were tested for roughing and finishing the operations. For the roughing strategies, cavity mill and variable contour patterns were followed. In both cases, the number of interpolated axes and followed toolpath selection (stream line, followed periphery, surface area, and trochoidal) method was tested. The main objective for the roughing strategies selection was to reduce the machining time as much as possible and to obtain a near to net shape geometry. On the other hand, for the finishing strategies, zig or zig/zag patterns were selected, and the surface area with a relative vector orientation was chosen. In all cases, various scallop values were machined in order to determine which was the best machining strategy, in terms of the machining time and component quality.
Experimental Set Up: Multiprocess Machine
The gear was manufactured in the multiprocess machine ZVH38/L1600 ( Figure 5 ), which was developed by Ibarmia. The machine was appropriated for turning and milling operations and integrated three linear axes (X, Y, and Z) in the moving column and two rotary axes, one of which was integrated in the tilting head (B) and the other one in a rotary table (C). The efficiency that was associated to the multiprocess centers improved the quality of the final piece, as fewer machines and thus fewer piece set-ups were required; it reduced the cost of the initial investment and the floor space that was required, the transit of pieces between machines was eliminated, and the production management was simplified. A precision auto-centering fixture was used for the gear manufacturing, namely, the Fresmak self-centering clamp 'Arnold SC'. It was a mechanical fixture system for great precision in self-centering. There was an accuracy of 0.01 mm in the clamping repeatability and 0.02 mm in the centering. It was especially designed to work on machining centers with small tables, as well as within five controlled axes machining centers. It presented a compact design with exterior guides that avoided deformation, as the clamping force was distributed throughout the width. The clamping force ranged from 10 to 35 kN. 
Manufacturing Trajectories Design: CAM Step
Experimental Set Up: Multiprocess Machine
Integrated Roughing-Semifinishing-Finishing Approach
The gear was machined according to three stages, namely the roughing-semifinishing-finishing approach. The machining strategies were programmed with NX SIMENS CAM software. The roughing strategies for optimal finishing [26] were designed to take into account minimum chip thickness and constant cutting forces' requirements. The minimum chip thickness were associated with the lower and constant cutting forces rather than the larger chip thickness values. Therefore, the unexpected cutting forces' high and variable values were avoided, and as a consequence, possible machining errors, such as material overcut or undercut (dimensional errors), were not present [27, 28] . For the roughing process (Table 3) , five different machining strategies were tested. Five gear teeth were machined for each roughing strategy (see Table 4 ). In the R-II to R-IV, five-axis milling was used, while in R-I and R-V, a cavity mill strategy was programmed. The main difference between the R-I and R-V was that the machining pattern that was selected for R-I followed a geometry periphery, whereas for R-V the selected, the machining pattern was trochoidal. The R-II, R-III, and R-IV strategies were based on variable contour strategies. Standard three-flute tools were used for the roughing strategies (Ø 14 mm).
As shown in Figure 6 , the R-I strategy corresponded to a roughing cavity mill strategy. Follow periphery (inward pattern direction) was the cut pattern that was used, the radial and axial depths 
As shown in Figure 6 , the R-I strategy corresponded to a roughing cavity mill strategy. Follow periphery (inward pattern direction) was the cut pattern that was used, the radial and axial depths (50% tool diameter) were specified, and the tool went up to a clearance plane between the different milling regions. Three linear axes and one indexed rotary axis were required for this strategy. (50% tool diameter) were specified, and the tool went up to a clearance plane between the different milling regions. Three linear axes and one indexed rotary axis were required for this strategy. The second roughing strategy, R-II (Figure 7 ), corresponded to a continuousfive-axis strategy. In this case, a variable contour strategy was selected. The selected cut pattern was zig/zag and the tool axis lead angle was set to 180°, relative to the z axis. Six different levels and strategies were programmed, in order to machine the complete cavity between two gear teeth. Initially, the cavity width required more than one pass while, at the bottom, only one pass was required. The R-III (Figure 8 ) roughing strategy was similar to the R-II roughing strategy. The variable contour strategies and streamline selection were programmed in both cases. In this case, the cut pattern that was programmed is zig/zag and tool axis lead angle was set to 180°, relative to the z axis. The main difference between them was that the axial depths values varied. For R-IV, larger axial depths values were programmed at the beginning, and small axial depths values were programmed for the last passes. In addition, a semi-finishing strategy was programmed in order to obtain a near-to-final geometry, so as to open up the finishing strategy.
The R-IV ( Figure 9 ) followed the R-II and R-III strategies but, in this case, eight passes were programmed using smaller axial depth values. The second roughing strategy, R-II (Figure 7 ), corresponded to a continuousfive-axis strategy. In this case, a variable contour strategy was selected. The selected cut pattern was zig/zag and the tool axis lead angle was set to 180 • , relative to the z axis. Six different levels and strategies were programmed, in order to machine the complete cavity between two gear teeth. Initially, the cavity width required more than one pass while, at the bottom, only one pass was required. (50% tool diameter) were specified, and the tool went up to a clearance plane between the different milling regions. Three linear axes and one indexed rotary axis were required for this strategy. The second roughing strategy, R-II (Figure 7 ), corresponded to a continuousfive-axis strategy. In this case, a variable contour strategy was selected. The selected cut pattern was zig/zag and the tool axis lead angle was set to 180°, relative to the z axis. Six different levels and strategies were programmed, in order to machine the complete cavity between two gear teeth. Initially, the cavity width required more than one pass while, at the bottom, only one pass was required. The R-III (Figure 8 ) roughing strategy was similar to the R-II roughing strategy. The variable contour strategies and streamline selection were programmed in both cases. In this case, the cut pattern that was programmed is zig/zag and tool axis lead angle was set to 180°, relative to the z axis. The main difference between them was that the axial depths values varied. For R-IV, larger axial depths values were programmed at the beginning, and small axial depths values were programmed for the last passes. In addition, a semi-finishing strategy was programmed in order to obtain a near-to-final geometry, so as to open up the finishing strategy.
The R-IV ( Figure 9 ) followed the R-II and R-III strategies but, in this case, eight passes were programmed using smaller axial depth values. The R-III (Figure 8 ) roughing strategy was similar to the R-II roughing strategy. The variable contour strategies and streamline selection were programmed in both cases. In this case, the cut pattern that was programmed is zig/zag and tool axis lead angle was set to 180 • , relative to the z axis. The main difference between them was that the axial depths values varied. (50% tool diameter) were specified, and the tool went up to a clearance plane between the different milling regions. Three linear axes and one indexed rotary axis were required for this strategy. The second roughing strategy, R-II (Figure 7 ), corresponded to a continuousfive-axis strategy. In this case, a variable contour strategy was selected. The selected cut pattern was zig/zag and the tool axis lead angle was set to 180°, relative to the z axis. Six different levels and strategies were programmed, in order to machine the complete cavity between two gear teeth. Initially, the cavity width required more than one pass while, at the bottom, only one pass was required. The R-III (Figure 8 ) roughing strategy was similar to the R-II roughing strategy. The variable contour strategies and streamline selection were programmed in both cases. In this case, the cut pattern that was programmed is zig/zag and tool axis lead angle was set to 180°, relative to the z axis. The main difference between them was that the axial depths values varied. For R-IV, larger axial depths values were programmed at the beginning, and small axial depths values were programmed for the last passes. In addition, a semi-finishing strategy was programmed in order to obtain a near-to-final geometry, so as to open up the finishing strategy.
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The R-IV ( Figure 9 ) followed the R-II and R-III strategies but, in this case, eight passes were programmed using smaller axial depth values. Finally, for R-V (Figure 10 ), the cavity mill strategy was programmed once again. In this case, the efficient trochoidal milling pattern was selected. The outward pattern direction was selected for the trochoidal milling and the radial distance between trochoidal movements was limited to 45% tool diameter. After the machining time comparison (Table 5) , surprising results could be observed. According to the CAM software time prediction, the efficient trochoidal strategies were not the fastest machining strategies. In this case, although at simple sight the R-IV seemed to be the largest machining because of the number of steps that were used, it corresponded to the fastest machining strategies. On the other hand, the tool wear was not significant in any of the cases and further longer testing should have been performed so that this effect would have been relevant.
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In Table 3 , the finishing operations information is shown. For the finishing operations and the roughing operations, five different strategies were tested for every five teeth group. In these cases (Figure 11 ), the surface area operations were programmed to zig and zig-zag selected cut patterns. The tool was oriented according to the relative to vector option. The difference between the finishing operations was the scallop value ( Figure 12 ). Values between 0.002-0.004 mm were programmed. In fact, this parameter strongly influenced the surface finishing results, as it is shown later. As it can be seen in Figure 12 , the programmed scallop height value and stepover distance determined the surface roughness results. For the finishing operations, ball-tapered-end mills were used for all of the finishing operations, except for F-V.2. In this last case, an air turbine with a CBN (Cubic Boron Nitride) grinding stone tip is used. The machining time comparison can be seen in Table 5 . The finishing strategies and results have been analyzed in the results section. The difference between the finishing operations was the scallop value ( Figure 12 ). Values between 0.002-0.004 mm were programmed. In fact, this parameter strongly influenced the surface finishing results, as it is shown later. As it can be seen in Figure 12 , the programmed scallop height value and stepover distance determined the surface roughness results. For the finishing operations, ball-tapered-end mills were used for all of the finishing operations, except for F-V.2. In this last case, an air turbine with a CBN (Cubic Boron Nitride) grinding stone tip is used. The machining time comparison can be seen in Table 5 . The finishing strategies and results have been analyzed in the results section. 
Machining
Programmed strategies were machined and, in Figure 13 , the gear result after the roughing strategies (R-I for teeth 1 to 5, R-II for teeth 6-10, R-III for teeth 11-15, R-IV for teeth [16] [17] [18] [19] [20] , and R-V for teeth [21] [22] [23] [24] [25] and the gear result after the finishing strategies (F-I for teeth 1 to 5, F-II for teeth 6-10, F-III for teeth 11-15, F-IV for teeth 16-20, and F-V for teeth 21-25) can be observed. 
Results

Roughness Analysis
The surface analysis of the gears was carried out with optic equipment. Confocal tridimensional Leica DMC 3D (Leica, Wetzlar, Germany) and contact profilometer Taylor Hobson Form Taylorsurf (Taylor-Hobson, Leicester, UK) were used for the 2D and 3D roughness measurement, according to ISO 4287 (Figure 14) . The roughness values are shown in Table 6 .
In Figure 15 , a surface 3D scanning that corresponds to the tooth 17 is shown, where the periodic tool marks can be clearly observed. The tooth 17 roughing strategy corresponds to a 'variable contour five-axis' operation where 'surface area with stream line' is used for geometry selection. Moreover, the surface area operation and relative vector orientation with a zig/zag pattern and 0.004 mm scallop value were used for the finishing strategy. 
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Roughness Analysis
In Figure 15 , a surface 3D scanning that corresponds to the tooth 17 is shown, where the periodic tool marks can be clearly observed. The tooth 17 roughing strategy corresponds to a 'variable contour five-axis' operation where 'surface area with stream line' is used for geometry selection. Moreover, the surface area operation and relative vector orientation with a zig/zag pattern and 0.004 mm scallop value were used for the finishing strategy. Figure 14 . Surface analysis results. 
Surface Integrity
In this section, the effect of the machining conditions on the material structure will be analyzed. The objective was to assure the health of the material for the subsequent heat treatment. To this end, specimens were extracted from the gear and were subsequently polished. The microhardnesses were obtained in the flanks (Figure 15 ) and, later, they were attacked by etchant (2% Nital) to reveal the microstructure. The following graph shows the microhardness values that were obtained in the flanks, relative to the different teeth.
This graph indicates that there was no hardness change in the gear under any of the machining conditions that were imposed. With the aim of assuring this point, in Figure 16 , the micrographs that were extracted after the attack are shown. Micrographs (a), (b), (c), and (d) belonged to the milled gear flanks, whereas (e) micrograph corresponded to a ground flank. As it is known, during cutting, high temperatures were reached in the interface between the rake face of the tool and the chip. In grinding, these temperatures were usually much higher as a result of the large deformation of the workpiece material during the cutting process. Up to 90% of the consumed power was converted into heat [29, 30] during grinding, which, in most of the severe cases, caused a phase change in the workpiece subsurface [31] . 
This graph indicates that there was no hardness change in the gear under any of the machining conditions that were imposed. With the aim of assuring this point, in Figure 16 , the micrographs that were extracted after the attack are shown. Micrographs (a), (b), (c), and (d) belonged to the milled gear flanks, whereas (e) micrograph corresponded to a ground flank. As it is known, during cutting, high temperatures were reached in the interface between the rake face of the tool and the chip. In grinding, these temperatures were usually much higher as a result of the large deformation of the workpiece material during the cutting process. Up to 90% of the consumed power was converted into heat [29, 30] during grinding, which, in most of the severe cases, caused a phase change in the workpiece subsurface [31] . In this work, the provided strategies were conservative from this point of view, since the figures corroborated that the microstructure had not been modified in any of the cases. In fact, the images show the typical microstructure of the as-received sample, which showed a pearlite (dark) in the matrix of the ferrite (white), from the very beginning of the surface to the material core. In this instance, no other phase could be observed, and no material damage was encountered during milling and during grinding with the CBN wheels under the established conditions.
Form Deviation
The tooth flank form deviation was measured (Figure 17) for tooth number 17. The profile form had a quality of class 1, which meant that the measured error was under 2 µm. In this case, the trajectory was oriented in the gear width direction, so that the feed marks would have been visible as a tooth flank form deviation. The form deviation measurement was carried out with an optical light microscope, Leica DCM 3D. The equipment combined confocal and interferometry technology for high speed and high-resolution measurements, down to 0.1 nm.
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Pitch Deviation
Gears form milling was a discontinuous indexing process, every gap was machined separately. Therefore, a pitch deviation analysis (Figure 18 ) was required. With the aim of measuring the final dimension and pitch deviation, and gear component was scanned with an ATOS GOM (GOM, Braunschweig, Germany). This equipment was based on the triangulation effect, using two cameras with a resolution of 17 μm and an accuracy of 35 μm. In Figure 18 , the comparison between the scanned surface and the defined CAD model is shown. For the pitch deviation measurement of the gear teeth, the surface points were measured for each teeth surface and angle definition. After the points measuring process, the cloud of points was compared to the CAD model in order to determine the error. In this case, a rectangular slot was machined in the workpiece surface in order to determine each teeth position in relation to a reference. 
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Form Deviation
Pitch Deviation
Gears form milling was a discontinuous indexing process, every gap was machined separately. Therefore, a pitch deviation analysis (Figure 18 ) was required. With the aim of measuring the final dimension and pitch deviation, and gear component was scanned with an ATOS GOM (GOM, Braunschweig, Germany). This equipment was based on the triangulation effect, using two cameras with a resolution of 17 μm and an accuracy of 35 μm. In Figure 18 , the comparison between the scanned surface and the defined CAD model is shown. For the pitch deviation measurement of the gear teeth, the surface points were measured for each teeth surface and angle definition. After the points measuring process, the cloud of points was compared to the CAD model in order to determine the error. In this case, a rectangular slot was machined in the workpiece surface in order to determine each teeth position in relation to a reference. The results that were registered between the manufactured gear surfaces and CAD model met the acceptable tolerance requirements for large spiral gears manufacturing (±0.1 mm), which is what made five-axis milling in multitasking machines appropriate for gears manufacturing.
Discussion
After the large size gears that were produced in the five-axis milling universal machine, the main objective of the study was reached, which showed the capacity of the universal five-axis milling for this niche.
Surprising results could be observed for the roughing strategies. The efficient trochoidal strategies were not the fastest machining strategies. The distance between the teeth determined the tool diameter and the distance between the trochoidal movements. In this example, many small movements were required for the roughing strategy, and, therefore, the machining time was increased. In this case, although at simple sight R-IV seemed to be the longest machining operation because of the number of steps that were used, it corresponded to the fastest machining strategies. Furthermore, the finishing strategies showed that the programmed scallop height value and stepover distance determined the surface roughness results. The roughness peaks and valleys corresponded to the tool step that, at the same time, depended on the programmed stepover.
After the roughness analysis, the surface integrity and form, and pitch deviation, it could be concluded that the universal five-axis milling machines were appropriate for large size gears production, since the surface quality and dimensional quality was guaranteed.
On the other hand, as stated at the beginning, the work was limited to short batch production and large geometries.
Future work with other geometries and materials would determine more industrial applications viability.
Finally, the proposed method, which was suitable for the production of one-of-kind large complex gears in general purpose machines, was the main contribution of the study in the gear cutting literature.
Conclusions
Gear free-form manufacturing on universal milling machines represents a real industry tendency. The main reasons for this are related to the manufacturing flexibility. Different gear geometries and sizes are manufactured with the same equipment. Several conclusions are pointed out.
Standard tools are used for these manufacturing processes. Universal tools that provide short times, tools from a wide range, and competitive prices are the main advantages. Moreover, the gear is manufactured according to one set up in one machine, which reduces the machining ties and transference times between the different machines.
Trochoidal, or deep grooving approaches, were discovered as useful for spiral gears, since the machining time for cavity volume is expected.
The machining strategy is fully defined in this paper. In this sense, the machining trajectories (path of tool movement during the cutting process), cutting tools, and cutting conditions are evaluated.
Finally, the process quality analysis is developed, taking into account the surface analysis, tooth flank form deviations, and pitch angle deviations. Funding: This research received no external funding.
